While the clinical symptoms and/or the scalp EEG are useful for the diagnosis of epilepsy, it is the knowledge of the location of the primary seizure focus inside the brain that has the greatest value for the treatment of the disorder. This knowledge is best acquired early in the seizure before the recruitment of susceptible regions. Therefore, the ability to identify the seizure onset at its earliest manifestation in the EEG is desirable. The difficulty, however, is that, in some seizure types, the seizure activity inside the brain begins sometime before it can be discerned in the scalp EEG. It has been suggested that this interval can be of the order of several seconds. 1 Furthermore, in many cases, the moment of ABSTRACT: Background: The identification of the earliest indication of rhythmical oscillations and paroxysmal events associated with an epileptic seizure is paramount in identifying the location of the seizure onset in the scalp EEG. In this work, data-dependent filters are designed that can help reveal obscure activity at the onset of seizures in problematic EEGs. Methods: Data-dependent filters were designed using temporal patterns common to selected segments from pre-ictal and ictal portions of the scalp EEG. Temporal patterns that accounted for more variance in the ictal segment than in the pre-ictal segment of the scalp EEG were used to form the filters. Results: Application of the filters to the scalp EEG revealed temporal components in the seizure onset in the scalp recording that were not obvious in the unfiltered EEG. Examination of the filtered EEG enabled the onset of the seizure to be recognized earlier in the recording. The utility of the filters was confirmed qualitatively by comparing the scalp recording to the intracranial recording and quantitatively by calculating correlation coefficients between the scalp and intracranial recordings before and after filtering. Conclusion: The data-dependent approach to EEG filter design allows automatic detection of the basic frequencies present in the seizure onset. This approach is more effective than narrow band-pass filtering for eliminating artifactual and other interference that can obscure the onset of a seizure. Therefore, temporal-pattern filtering facilitates the identification of seizure onsets in challenging scalp EEGs.
detection, where the objective is to identify the moment when the first sustained temporal pattern associated with seizure activity is recognized amidst the background activity. Identification of the pattern of the temporal activity leading up to this moment would also be informative. There is evidence that the temporal characteristics of the seizure onset, including the frequency and/or the rhythmical components present, also contain information related to the location of the responsible source and the propagation path of the seizure activity. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] For example, both the hippocampal and neocortical onsets of temporal lobe seizures seem to be characterized by rhythmical waves or patterns with different frequency ranges. These findings suggest that there is value in accurately identifying the onset of ictal activity in the EEG as well as in identifying and observing the detailed time course of the temporal patterns that are present during the seizure onset.
In this paper, a data-dependent temporal filter is described that is very sensitive to temporal changes in the EEG during the seizure onset. Application of the filter usually enables the onset of the seizure to be discerned before it becomes obvious in the raw EEG. In addition, as part of the filter design process, the evolution of distinct temporal components present during the seizure onset can be observed. The design of the filter requires that pre-ictal and ictal segments be selected manually from a single channel in the EEG recording. To do this, the seizure is first visually detected in the EEG and/or from the clinical symptoms of the patient. The ictal segment is then selected early in the seizure period. This is followed by backtracking through the recording until a pre-ictal segment that contains what is judged to be normal background EEG is found. T h e characteristics of the filter are then derived from temporal patterns present in the two segments. Temporal patterns that account for more variance (signal amplitude) in the ictal segment than in the pre-ictal segment are used to create what is called the temporal pattern (TP) filter. The frequency response of this filter is highly tuned to the seizure and can be considerably more complex than the responses of band-pass filters traditionally used to process the EEG.
The TP-filter is similar but different from other datadependent filters such as the template, matched or inverse filter. Its design is based on such signal processing methods as autoregressive modeling, autocovariance and eigen analyisis. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Some very promising seizure detection algorithms using these and related methods have, in fact, been reported in the literature. 22, 23 In contrast to these, the TP-filter is not a seizure detector per se in that the pre-ictal and ictal segments must be manually selected beforehand. The design of the TP-filter does, however, involve the automatic decomposition of the onset into distinct temporal components. The time courses of these components can be associated with either the seizure onset or with background or artifactual activity. Since the TP-filter is specifically tuned to subtle changes in the pre-ictal EEG, it is probably more sensitive to the seizure onset than conventional detectors. Therefore, the TP-filter usually enables the onset to be detected earlier. The spatial patterns in the TP-filtered scalp EEG at the precise moment of seizure onset can serve as input to source localization algorithms such as multiple-signal classification 24 (MUSIC) and low resolution electromagnetic tomography. 25 (LORETA).
METHODS
The characteristics of the TP-filter are derived from the temporal patterning of the EEG, at a particular electrode site, in the selected pre-ictal and ictal segments of the recording. If the digital samples from these segments are depicted as x a (n) and x b (n) respectively, where n = 0 to T-1, then the presence of a specific temporal pattern can be detected in these segments by convolving the individual samples with a set of weighting factors that match that pattern. This process is called matched filtering. Mathematically, matched filtering can be represented as:
so that, for example, y a (0) is the weighted sum of x a (0) to x a (N-1), y a (1) is the weighted sum of x a (1) to x a (n) and so on. Therefore, from T samples, T-N+1 values of y a (n) and y b (n) can be computed using the N factors in the temporal pattern p(m). Strictly, y a (n) and y b (n) are match-filtered versions of x a (n) and x b (n) but they can also be thought of as temporal components of x a (n) and x b (n).
For the T P -f i l t e r, the temporal patterns are chosen to emphasize the seizure onset activity and de-emphasize the background or artifactual activity. This is accomplished by selecting these patterns so that the variance of y b (n) (derived from the ictal segment) is large compared to variance of y a (n) (derived from the pre-ictal segment). Here, the term variance is used in the purely statistical sense to mean a measure of the magnitude variations of the numbers in each of these components. It can then be said, for example, that the pattern p(m) accounts for more variance in the ictal segment than in the pre-ictal segment. There are an infinite number of temporal patterns that will result in differences of this kind as some of the patterns will only be marginally different from one another. Therefore, the temporal patterns are chosen so that they account for components that are independent.
Two temporal components y 1 (n) and y 2 (n) are said to be independent if T-N+1 Σ y 1 (n) y 2 (n) = 0 (2) n=0 so that independent components have a covariance of 0. If y 1 ( n ) and y 2 ( n ) are derived from x a ( n ), they are called independent temporal components of x a (n). It can be shown that both x a (n) and x b (n) can have up to N mutually independent components. For the TP-filter, the temporal patterns are chosen so that they simultaneously account for independent components in both the selected pre-ictal and ictal segments. They are therefore called common temporal patterns. Those common temporal patterns that, in terms of their corresponding independent temporal components, account for more variance in the ictal segment than in the pre-ictal segment are used to form the TP-filter. The impulse response, h(m) of this filter is a weighted sum of these patterns. That is:
where p i (m), i = 1 to q, are the q common temporal patterns that account for more variance in the ictal segment than in the pre-ictal segment and where the c i are the associated weighting factors. These weighting factors are determined by finding the best fit, in a least squares sense, of the q independent temporal components to the ictal segment. That is:
This fitting procedure leads to x bf (n), the TP-filtered version of x b (n). In equation (4), y bi (n) are the q independent components of x b (n). Using equation (1b), it can be shown that:
where the impulse response of the filter, h(m), is given by equation (3).
Once derived from the selected pre-ictal and ictal segments, the TP-filter is applied to all channels in the EEG recording. The details of the method used to obtain the patterns, p i (m), and the weightings on these patterns, c i , are given in the appendix. Figure 1 , all of which contain a seizure, demonstrate the performance of the TP-filter. Tracings 1 to 3 are the raw EEGs while tracings 4 to 6 are their TP-filtered counterparts. Tracing 1 is a simulated EEG while tracings 2 and 3 are single-channel excerpts from actual clinical EEGs.
RESULTS

The tracings in
The simulated EEG of tracing 1 was constructed from several distinct sinusoidal components. As background, 0.30, 0.35, 1.0, and 7 Hz components were superposed and this composite signal is present throughout the tracing. Frequencies of 4 Hz and 2.5 Hz were used to simulate the seizure with the former component starting at about 5.5 s and the latter at about 7.5 s. The TP-filtered version of this tracing shows that the background activity has been eliminated, the moment of seizure onset has been sharpened and that the two frequencies in the seizure are more obvious.
With regard to the clinical EEGs in Figure 1 , we note that the onset of the seizure in tracing 2 occurs at about 5 s while, in tracing 3, the moment of onset is more obscure. The TP-filtered versions of these tracings contain far less muscle artifact than the raw versions. After filtering, it is clear that in the pre-ictal interval, there are frequency components present that are also present in the ictal interval. This is particularly obvious in the filtered version of tracing 3. In this tracing, the seizure activity appears to grow out of the pre-ictal segment. Using the criterion that the seizure onset occurs at the moment when persistent ictal activity begins, the onset, in this filtered EEG, occurs at about 3.5 s. This is a much earlier point in time than that suggested by the raw tracing. Figures 2 to 9 illustrate, in some detail, the design and the performance of the TP-filter. The results were obtained from a 64 channel EEG consisting of simultaneous scalp, depth and subdural recordings from a patient with refractory complex partial seizures. This EEG was selected because the seizure onset was not obvious in the scalp tracings until some time after it was clear from the intracranial tracings that the onset had occurred. The locations of the depth and subdural electrodes are shown in Figure 2 and the raw EEG containing the seizure is shown in Figure 3 . The recording is referential with respect to the left ear electrode A1. Figure 3 suggests that the seizure onset occurs at about 5 or 6 s into the recording and that it originates near depth electrode a2 and subdural electrode c4. At 7 or 8 s into the recording, there is evidence of the seizure at the scalp electrodes. However, this would probably not have been recognized as such in the absence of the intracranial recordings. To demonstrate the performance of the TP-filter, four depth electrodes (a2 -a5) in the left-temporal lobe, two subdural strip electrodes (c4 -c5) located under the inferior side of the left anterior temporal lobe, and six scalp electrodes, located at standard 10 -20 sites over the left hemisphere, were used.
The segment of the EEG selected from Figure 3 for analysis is shown in Figure 4 . In addition, the tracings in Figure 4 have been band-pass filtered into the range 1-55 Hz. This figure confirms that the seizure has a left hippocampal onset localized to the inferomedial depth (a2) and subdural (c4) electrode sites and suggests that the onset of the seizure actually occurs at about 5.2s.
To design the TP-filter, the pre-ictal and ictal segments were selected as shown at the top of Figure 4 . Four hundred digital samples (2 s) from each segment at F9 were used to calculate the temporal patterns common to the two segments. The independent components of the tracing from F9 corresponding to the 15 common temporal patterns that account for more variance in the ictal segment than in the pre-ictal segment are shown in Figure  5 . The numbers along the right-hand side of the tracings in Figure 5 indicate how the total variance in the pre-ictal and ictal segments is accounted for by each of these patterns. These numbers are the eigenvalues defined by equation (A5) in the appendix. For example, Figure 5 shows that, of the total variance accounted for by the common temporal pattern underlying component 1, 97% comes from the ictal segment. Therefore, only 3% comes from the pre-ictal segment. This division of variance can be seen by comparing the amplitudes of the preictal (3 -5 s) and ictal segments (7 -9 s) in component 1. As the eigenvalues decrease from 97% to 50%, relatively less and less of the total variance accounted for by the underlying temporal pattern comes from the ictal segment.
An examination of the components in Figure 5 also indicates that, in terms of their waveforms, several pairs are very similar. Each of the pairs contains distinct frequencies with distinctly modulated amplitudes. For example, components 1 and 2 are both very similar in terms of their frequencies (14-15 Hz) and amplitude modulations. A closer examination, however, reveals that the two components are in fact shifted in phase from one another by 90 o . This is true for components 3 and 4 where the frequency is also about 14-15 Hz, for components 5 and 6 where the frequency is about 7-8 Hz, for components 7 and 8 where the frequency is about 18 Hz and so on. Of all the components in Figure 4 , only 9, 10 and 13 appear to stand alone.
Given the distinct frequencies evident in the independent components of Figure 5 , the selected pre-ictal and ictal segments from F9 and from c4 and a2 were subjected to Fourier analysis. The results of this analysis are shown in Figure 6 . The frequency spectra show that, in the ictal segment, both intracranial tracings contain strong components at 7. of the first, these components could be harmonically related. Peaks at these frequencies are not obvious in the spectrum at F9 during the ictal segment nor are they obvious in any of the spectra in the pre-ictal segment. However, a closer examination of the spectrum from F9 in the ictal segment shows that there is in fact a peak at 7.2 Hz and that this peak is actually the second highest in the spectrum. It would appear, therefore, that the seizure onset at F9 is swamped by background activity. The independent components in Figure 5 clearly indicate that frequency components at 7.2 Hz and 14.5 Hz are in fact present at F9 and that changes in the amplitudes of these components are related to the onset of the seizure. Figure 7 shows the EEG of Figure 4 after the application of the TP-filter designed from the common temporal patterns underlying independent components 1 to 4 in Figure 5 . As expected, all of the tracings in the filtered EEG contain a strong 14-15 Hz frequency component. Figure 8 shows the EEG of Figure 4 using the temporal patterns common to the pre-ictal and ictal segments. Each number along the right-hand vertical axis of the graph is the percentage of the total variance in the pre-ictal and ictal segments, accounted for by one of the common temporal patterns, that comes from the ictal segment. common temporal patterns underlying independent components 5 and 6 in Figure 5 . All of the tracings now contain a strong 7-8 Hz frequency component. We note that the seizure onset is clearer in the scalp tracings of Figure 7 than it is in the scalp tracings of Figure 8 and that it is most evident at electrode F9, the scalp electrode site closest to the depth and subdural electrode sites. The frequency responses of the TP-filters used to obtain Figures 7 and 8 from Figure 4 are shown in Figures 9A and B r e s p e c t i v e l y. These were obtained by Fourier transformation of the respective impulse responses of the filters. In Figure 9A , the major peaks in the frequency response are at 12.9 and 15.9 Hz. Given these frequencies, a more careful examination of the tracings in Figure 7 indicates that, in fact, frequencies between about 13 and 16Hz are indeed present at various times. This filter is therefore labeled the TP-14 filter. In Figure 9B , the three larg e s t peaks in the frequency response are at about 7.7, 15.8 and 19.4 Hz. The 7.7 Hz peak is, however, more than twice as high as the 15.8 Hz peak. This is probably why all of the tracings in Figure 8 appear to have only a 7-8 Hz component. This filter is therefore labeled the TP-8 filter. The composite frequency response of the TP-8 and TP-14 filters, obtained from the temporal patterns underlying independent components 1 to 6 in Figure 5 , is shown in Figure 9C and is labeled as the TP-8-14 filter.
To determine whether filters with frequency responses as elaborate as those shown in Figures 9A and B are required to detect the onset of the seizure in the scalp EEG, the tracings in Figure 4 were band-pass (BP) filtered in the frequency range 5 -25 Hz. The result of doing this changed the tracings in Figure 4 only marginally and did not noticeably enhance the onset of the seizure. Figures 7 and 8 show that the same frequency components are present in all of the depth, subdural and scalp tracings. However, the covariance between these sites, in terms of amplitude modulation, appears to be low. To examine this covariance quantitatively, correlation coefficients were calculated between the scalp recording at F9 and the intracranial recordings at c4 and a2 in both the pre-ictal and ictal segments. The results of these calculations are given in the Table. Given that, with n = 400 samples, the upper p < 0.01 point for significant correlation is about 0.2, absolute values of the numbers in the Table between 0.2 and 0.3 are interpreted as indicating weak correlation and values above 0.3 as indicating stronger correlation. Very strong correlation probably does not exist between intracranial and scalp recordings because the field of view of a scalp electrode contains many more sources than the field of view of an intracranial electrode.
An examination of the numbers in the Table indicates that, in the unfiltered recordings, there is no significant correlation between F9 on the scalp and the intracranial sites in either of the pre-ictal or the ictal segments. There is, however, strong correlation between the intracranial sites in the ictal segment. Band-pass filtering into the 5-25 Hz band produces no significant correlation between recordings from F9 and the intracranial sites although there is now significant correlation between the intracranial sites in the pre-ictal segment and an increase in the strength of the correlation between these sites in the ictal segment. In contrast, TP-filtering results in strong correlation between all the sites in the ictal segment. TP-8 filtering also results in significant correlation between F9 and c4 in the pre-ictal segment although the correlation between these sites in the ictal segment is strongest after TP-14 filtering. The strongest correlation in the ictal segment involving F9 occurs with a2 after TP-8 filtering. Also, after TP-8 filtering, the almost complete correlation between the two intracranial sites is notable. The strength of this correlation is also evident from a visual comparison of the respective tracings in Figure 8 .
A more careful examination of the numbers in the Table yields a number of interesting results related to the polarities of the correlations. Firstly, the polarities of the correlations between F9 and intracranial sites in the ictal segment are reversed after TP-8 and TP-14 filtering. Secondly, the polarity of the significant correlation between F9 and c4 seen in the pre-ictal segment is reversed in the ictal segment. Thirdly, when these filters are combined to form the TP-8-14 filter, the polarities of the correlations remain reversed but the strength of the correlations is reduced to the point where it is now not significant between F9 and c4. 
DISCUSSION AND CONCLUSIONS
The results of this work suggest that data-dependent TPfiltering can be a useful approach to the identification and analysis of the components of seizure onset in the EEG. The results also illustrate that TP-filtering is less effective when the pre-ictal and ictal segments contain the same frequency components. O'Neill 21 has, however, shown that the detection of the seizure onset can be improved, even when this occurs, by following TP-filtering with spatial pattern (SP) filtering.
The EEG used to illustrate in detail the design and performance of the TP-filter is typical of a hippocampal seizure in which ictal activity is not obvious in the raw scalp EEG in the first phase of the seizure but is clearly manifested in depth and subdural EEGs. These results show that judiciously designed TPfilters can automatically elicit the dominant frequencies of the seizure onset in the scalp EEG. The dominant onset frequency of 7-8 Hz identified is consistent with the results presented by Ebersole and Pacia 6 who reported the frequency range of 5-9 Hz for hippocampal seizures and with those of Franaszczuk et al 26 who reported the frequency range of 5. 3 -8.4 Hz. Other studies report dominant frequencies up to 32 Hz but with a mean frequency of about 16 Hz. [2] [3] The simplest explanation for the differences between these findings is that the 7-8 Hz component is the fundamental frequency of a hippocampal seizure recorded intracranially while the [14] [15] Figure 9A . harmonic of the seizure waveform. The higher mean frequency of intracranial seizure reported by Javidan et al 2-3 may be due to the inclusion of even more of the higher harmonics. That these higher harmonics exist in intracranial recordings is clearly evident from the spectra in Figure 6 . As well, it is conceivable that in some source and/or recording configurations, one or the other of the fundamental or harmonic frequencies may not be present.
The frequency spectra shown in Figure 6 suggest that, in the ictal segment of the sample EEG, the 7-8 Hz and 14-15 Hz components in the intracranial recordings are harmonically related. Therefore, it is interesting to note that in Figures 7 and 8 , in the scalp tracings, the change in the 14-15 Hz component is more pronounced than the 7-8 Hz component during the seizure onset. Due to the lack of higher frequency components in the pre-ictal EEG, the 14-15 Hz component appears to be a more sensitive indicator of the seizure onset than the latter. Also, a more careful examination of the independent components in Figure 5 suggests that sustained 7-8 Hz activity might actually begin at about 4.75 s in the recording and that this onset actually leads the onset of the 14-15 Hz activity at 6.75s. T h e s e observations would seem to indicate that, on the scalp, the two frequency components are, in fact, not harmonically related.
The correlation analysis between the intracranial and scalp tracings indicates that, during the ictal segment, TP-filtering results in considerably stronger correlation between the tracings than does BP filtering. Furthermore, there is stronger correlation when the two TP-filters are applied separately instead of after having been combined into one filter. Since the BPfilter is not as highly tuned to the seizure as the TP-filters, the weaker correlation is easy to explain in terms of a greater proportion of uncorrelated activity in the EEG. However, why the correlation should drop after combining two TP-filters is not so easy to explain. However, this result supports our previous speculation that the two components are, in fact, not harmonically related on the scalp. In any case, we take this finding to conclude that, in the design of TP-filters, combining independent components that do not appear to be similar should probably be avoided.
The frequency responses of the TP-filters designed in this work are such that they are optimal for simultaneously emphasizing components in the ictal segment of an EEG and deemphasizing the components in the pre-ictal segment. The critical element in the design is the selection of the segments that best characterize the seizure and background segments of the recording. The idea that the pre-ictal and ictal segments for the filter design are chosen by a human expert might be seen as a major drawback of the method. However, as reported, by Qu and Gotman, 28 seizure onset patterns are highly variable between patients, the seizures may evolve from relatively subtle changes in background activity and a particular onset pattern in one patient may not lead to a seizure in another patient. It is this variability between seizures and seizure onsets that has slowed the development of a truly reliable automated seizure detector. Therefore, until the process by which seizures occur and develop is better understood, the importance of the expert epileptologist in the design of the TP-filter should not be underestimated.
To demonstrate the performance of the TP-filter in this paper, we have used only four seizures. We have, however, applied the filter to the identification of the temporal components present in the onset of many more clinical and computer -s i m u l a t e d seizures. This experience leads us to suggest that TP-filtering can, in fact, facilitate the identification of seizure activity in even the most problematic EEGs. Substantiation of this statement will require a quantitative analysis of these data. Nevertheless, there is little doubt that TP-filtering acts to consistently reduce recording artifact and background activity and to automatically elicit the specific temporal components present during the seizure onset. In addition, the filter design process can be extremely valuable for detecting the precise moment of seizure onset and for identifying the frequency components involved. An interesting continuation of this work will undoubtedly be a study of the utility of TP-filtering in combination with SP-filtering and source localization.
In conclusion, it would seem that TP-filtering has the potential of being a useful tool for the diagnosis of epilepsy and, more importantly, for the planning of resective surgery. The inclusion of TP-filtering in a review workstation could reduce the necessity for invasive EEG recording thereby lessening both the risk and the cost of providing this procedure to the patient. Early detection of the seizure is critical in locating the responsible source inside the brain. A developed seizure can involve large volumes of brain tissue, in effect masking the focus responsible for the onset. Since most quantitative methods of source localization assume that the sources are focal and not distributed, accurate localization of the seizure focus would almost certainly be facilitated by the early detection of the onset and the elimination of background sources not related to the seizure.
APPENDIX
The characteristics of the TP-filter, specifically the common temporal patterns, p i (m), and c i , the weightings on these factors, are derived from differences in the temporal patterning of the EEG at a particular electrode site in the selected pre-ictal and ictal segments of the recording. If the sets of digital samples from these segments are depicted as x a (n) and x b (n) respectively, where n = 0 to T-1, then the temporal patterning of the segments can be quantitatively characterized by their autocovariance functions. That is,
and similarly for R b (m) . The values of R a (m) (or R b (m)) are computed for m = 0 to N-1, and tend from a maximum at m=0, toward zero, sometimes in an oscillatory fashion, as m becomes large. At m=0, R a (0) (or R b (0)), is simply a measure of the variance of the individual samples in the segment while for other values of m, it is a measure of the covariance between samples separated by m intervals. The TP-filter is designed from differences between the autocovariance functions of the selected pre-ictal and ictal EEG segments.
To show how this is done, let R a and R b be the temporal autocovariance matrices that correspond to the autocovariance functions of x a (n) and x b (n). Each of these matrices consists of the respective autocovariance function as its first row. Adjacent rows are formed by successively shifting the previous row circularly to the right. In this way, N-1 additional unique rows can be formed. The autocovariance matrices are, therefore, of LE JOURNAL CANADIEN DES SCIENCES NEUROLOGIQUES where the column dimension of W is the number of significant (nonzero) eigenvalues in c . This transformation is applied to R a and R b to form two whitened covariance matrices S a and S b :
S a = WЈR a W and
where Ј is the transpose operator. It can be shown 28 that these matrices will have common eigenvectors B t and eigenvalues a and b respectively such that:
where ⌱ is the identity matrix. Because of this constraint, those eigenvectors that account for the largest variance in S a will account for smallest variance in S b and vice versa.
From equations (A2) to (A5), it can be shown that:
is the matrix of temporal patterns common to x a (n) and x b (n). The rows of P that correspond to the rows in B t account for maximally different proportions of the variances in the two segments x a (n) and x b (n). Each of the rows of P is a temporal pattern p i (m), m = 0 to N-1, that simultaneously decomposes the two segments into independent components. The elements of the diagonal matrices b and a are related to the variances of these components in x b (n) and x a (n) respectively. Only those rows of P for which b > a are used for the TP-filter. The impulse response of the TP-filter is, as indicated by equation (3), the weighted sum of these patterns. In matrix terms, this sum is given by:
where C is called the matrix of temporal factors common to x a (n) and x b (n) and is given by:
In equation (A8), the subscript q indicates that only the q r o w s from P and the corresponding q columns from C for which b > a are used. The subscript 1 on the square bracket indicates that the first row of the N x N matrix inside is required to form the impulse response of the filter. The other rows of this matrix are redundant since they are just circularly rotated versions of the first row.
